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Abstract

Although some data have linked proton pump inhibitor (PPI) use to risk of depres-
sion and anxiety, there are no studies investigating this safety issue in children.
This study investigated the association between PPI use and risk of depression
and anxiety in children. We conducted a nationwide register-based cohort study
in Sweden, July 1, 2007, to December 31, 2016. Following matching on age and
propensity score, we included 29,320 pairs of PPI initiators and noninitiators
among children aged 7-17 years old. The primary analysis examined the risk of
incident depression and anxiety, a composite outcome defined as a diagnosis of
depression, anxiety, or a prescription for an antidepressant. Children who initi-
ated PPI use had higher hazards for risk of depression and anxiety compared with
noninitiators (hazard ratios [HRs], 2.61; 95% confidence interval [CI], 2.32-2.94).
In analyses of the timing of depression and anxiety onset after PPI initiation, the
HRs were 3.71 (95% CI, 2.17-6.34) for 1-30 days, 3.47 (95% CI, 2.33-5.18) for
31-90 days, 2.71 (2.04-3.60) for 91-180 days, 2.52 (2.00-3.16) for 181-365 days,
and 2.34 (1.94-2.82) for 366-730 days. Significant associations were observed
across all age groups. The magnitude of the association increased with longer
duration of PPI use (p for trend < 0.0001). The association was consistent through
all sensitivity analyses, including high-dimensional propensity score matching
(HR, 2.31, 95% CI, 2.05-2.61). PPI use was associated with increased risk of de-
pression and anxiety in children. Further investigation is warranted to confirm or
refute this potential association.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

Limited animal and human studies indicate a potential association between pro-
ton pump inhibitor (PPI) use and risk of depression and anxiety. However, there
are no studies investigating whether PPI use is associated with increased risk of
depression and anxiety in children.
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WHAT QUESTION DID THIS STUDY ADDRESS?

We aimed to evaluate whether PPI use was associated with the risk of depression
and anxiety in children.

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

A total of 29,320 pairs of children were included in this cohort study after 1:1
propensity score matching. Initiation of PPI use compared to nonuse was sig-
nificantly associated with approximately 2.6-fold increased risk of depression and
anxiety.

HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR
TRANSLATIONAL SCIENCE?

This study indicates that PPI use may be associated with increased risk of depres-
sion and anxiety in children, adding new data to the limited evidence of PPIs.
However, further investigation is warranted to confirm or refute this potential

association.

INTRODUCTION

Proton pump inhibitors (PPIs), potent acid-suppressive
drugs, are core treatment for a variety of gastrointestinal
disorders and increasingly prescribed to children in the
last decade.! Although PPIs are empirically regarded as
effective treatment for children, data on their pediatric
safety profile are limited.

Recently, an increased risk of depression and anxiety
with PPI use has emerged as a safety concern, as suggested
by two analytical studies in adults.>® Anxiety and depres-
sion are the most common psychiatric disorders in chil-
dren and adolescents, affecting 2.6-6.5% of the pediatric
population worldwide.* Moreover, anxiety and depression
in childhood not only has been shown to predict a variety
of psychiatric disorders in adult life,” but also to contrib-
ute to a considerable economic burden.®

Growing data”® have suggested that the human micro-
biome is a critical communicator between the gut and the
brain through the microbiota-gut-brain axis. Alterations in the
human microbiome could therefore contribute to the patho-
genesis of anxiety and depression. PPIs are known to dysregu-
late the microbiome. However, whether PPI use is associated
with risk of anxiety and depression in children is not known.

Aiming to investigate the association between PPI use
among children and the risk of depression and anxiety,
a Swedish nationwide register-based cohort study with a
propensity score matched new user design was conducted.

METHODS
Data sources

We conducted a cohort study (Figure S1) using several na-
tionwide registers linked through commonly anonymous

identifiers for individuals. The National Patient Register
(NPR) contains complete records of disease diagnoses and
surgical procedures from all inpatient and outpatient hos-
pital and emergency department encounters in Sweden.
The Prescribed Drug Register collects data on medica-
tions dispensed at all pharmacies, including drug name,
dispensing date, and drug amount. The Total Population
Register and Statistics Sweden provides details on demo-
graphic and socioeconomic characteristics. The study was
approved by the Regional Ethics Committee in Stockholm,
Sweden, which did not require informed consent because
this was a registry-based study.

Cohort

The source population consisted of all children in
Sweden aged 7-17 years at some point from July 1,
2007, to June 30, 2016. From the source population, we
identified all children who initiated PPI use, defined as
patients filling their first prescription for a PPI during
the study period and who had no PPI prescription in the
previous 2 years. The PPI dispensing date served as the
index date. Specific PPIs included omeprazole, esome-
prazole, pantoprazole, lansoprazole, and rabeprazole
(Table S1). The cohort was established through a two-
step matching process, which was aimed at selecting ap-
propriate comparators (those who did not initiate use)
from the source population, as described previously.'!
Patients with a history of any psychiatric diseases and
use of psychiatric treatments before or on the index date
were excluded, including depression, anxiety, alcohol
and substance use disorders, schizophrenia and related
psychoses, bipolar disorder, other mood disorders, at-
tention deficit disorder with/without hyperactivity
(ADHD), autism spectrum disorders, eating disorders,
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developmental disorders and sleep disorders, as well
as use of antidepressants, antipsychotics, anxiolytics,
hypnotics, ADHD treatments, and drugs against de-
pendence. Other exclusion criteria were severe liver
dysfunction, malignant tumors, brain injuries, and use
of other anti-acid drugs within 2 years before or on the
index date (definitions in Table S1).

Outcome

The primary outcome was incident depression and anxi-
ety, defined as any incident primary diagnosis of depres-
sion or anxiety, assigned in inpatient, urgent care, or
outpatient settings, or any new dispensing record for an-
tidepressants (definitions in Table S1). The first date that
any of these criteria was met was assigned as the date of
occurrence of the primary outcome. The validity of dis-
ease diagnoses in the NPR has been established in vali-
dation studies showing positive predictive values ranging
from 81% to 96% for a range of psychiatric diseases, such
as social anxiety disorder."*™*® In addition, depression di-
agnosis in the NPR was validated in another study, show-
ing high accordance with gold-standard diagnoses based
on multidisciplinary inpatient evaluations (x of 0.32, 88%
full agreement)."®

Propensity score

Propensity score matching was used to control for poten-
tial confounding. The propensity score was derived from
fitting a multivariable logistic regression model based
on all covariates listed in Table S1, including patient
demographic and socioeconomic characteristics, medi-
cal history, comedications, and healthcare utilization
within 2 years before or on the index date. Each child
who initiated PPI use was matched to a child who did
not based on propensity score and age group (in 1-year
age bands); the greedy nearest neighbor matching algo-
rithm without replacement, with a caliper of 0.2 SDs of
the logit of the propensity score, was used. The absolute
mean standardized difference was used to assess co-
variate balance between the two groups; a covariate was
considered well balanced if the standardized difference
was less than 10%.

Statistical analysis
We followed up the matched study cohort from the day

after the index date until a first event of primary outcome
or censoring due to end of the study period (December

31, 2016), emigration, death, age 18 years, 2-year follow-
up, occurrence of any other psychiatric diseases, and in-
itiation of other psychiatric drugs, whichever occurred
first. We computed incidence rates and absolute risk dif-
ference in incidence with 95% confidence interval (CIs)
based on Poisson regression. Cox proportional hazards
regression was performed to estimate HRs with 95% Cls,
with days since the start of follow-up as the underlying
time scale. In subgroup analyses, proportional hazards
regression models with an interaction term were ap-
plied to test whether the risk of primary outcome varied
across baseline characteristics. In the analysis of cumu-
lative duration, the linear trend of the risk of the pri-
mary outcome across different lengths of duration was
assessed by the Cochran-Armitage trend test. All analy-
ses were performed in SAS Enterprise Guide, version 9.4
(SAS Institute Inc). A 95% CI that did not overlap 1.00
and two-tailed p less than 0.05 were considered statisti-
cally significant.

Secondary analyses

Five secondary analyses were conducted. First, we re-
peated the analysis for the three conditions that comprised
the primary outcome definition separately, including
diagnosis-based depression, diagnosis-based anxiety,
and use of antidepressants. Second, to investigate the
potential latent period from PPI initiation to occurrence
of primary outcome, we assessed the timing of primary
outcome, categorizing the time since initiation of PPI
use into five groups (1-30 days, 31-90 days, 91-180 days,
181-365 days, and 366-730 days). Third, we performed an
analysis of individual PPIs, for which we created mutu-
ally exclusive matched subcohorts according to individual
PPI at index date and drug-specific propensity scores.
Fourth, we investigated the risk of the primary outcome
according to cumulative duration of PPI use. The dura-
tion of PPI use was calculated based on the drug amount
from dispensed prescriptions; use was considered ongoing
and added to duration for as long as prescriptions were
refilled and overlapping. Accounting for irregularities and
gaps in continuous treatment, refill gaps were permitted
to 50% of the duration of the preceding dispensing. For
each individual, we summed the durations during follow-
up in a time-dependent manner, categorizing duration
into four groups (1-30 days, 31-90 days, 91-180 days, and
2181 days) and analyzed the risk of primary outcome for
the full 2-year follow-up period for each category. Finally,
to explore the pattern of the association in relation to on-
going treatment, we conducted an analysis based on an
as-treated approach. In this analysis, the follow-up period
was divided into five groups: ongoing PPI treatment and
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1-90 days, 91-180 days, 181-365 days, and 366-730 days
since PPI discontinuation.

Subgroup analyses and sensitivity analyses

In subgroup analyses, we examined the risk of the pri-
mary outcome stratified by age groups with 2-year bands,
infectious disease (yes/no), and use of systemic antibiot-
ics (yes/no; Table S1) to assess whether these factors were
potential effect modifiers. To evaluate the robustness of
our primary findings, we conducted several sensitivity
analyses. First, we used alternative narrower outcome
definitions, including (1) any primary diagnosis of depres-
sion or anxiety from any hospital admission, urgent care
visits or at least two outpatient visits within 3 months, or
a prescription for an antidepressant; (2) any primary di-
agnosis of primary outcome from any hospital admission,
urgent care visit or outpatient visit, or consecutive refill
of at least two prescriptions for antidepressants; and (3)
any primary diagnosis of depression or anxiety made in
specialist psychiatric care. Second, to minimize the im-
pact of potential residual confounding, we repeated the
primary analysis within a high-dimensional propensity
score-matched (HAPS) cohort (Table S3).!! Third, we
restricted the patients who received PPI monotherapy
at the index date and did not have any prescription for
antibiotics for Helicobacter pylori eradication (clarithro-
mycin, amoxicillin, metronidazole, or tetracycline hydro-
chloride) within 30 days before or after the index date.
Fourth, we restricted the patients without any hospitali-
zation within 30 days before or on the index date to reduce
potential confounding from general serious illness. Fifth,
we repeated the primary analysis with a 6-month age
band matching to test the impact of more fine-granular
age-adjustment. Sixth, we repeated the primary analysis
adopting a lag-time approach to reduce the potential in-
fluence of protopathic bias (i.e., the possibility that PPI
initiation is related to early symptoms of undiagnosed
depression and anxiety). Specifically, we introduced 90,
180, and 365-day lag time periods immediately after the
index date. Finally, we adopted an analysis of a negative
control outcome by investigating the association between
PPIs and a composite of several psychiatric conditions
that have not been linked to PPI use previously, including
developmental disorder and mental retardation (defini-
tions in Table S1).

Role of the founding sources

The funder had no role in the design and conduct
of the study; collection, management, analysis, and

ASCPT

interpretation of the data; preparation, review, or approval
of the manuscript; and decision to submit the manuscript
for publication.

RESULTS
Cohort

A total of 2,041,808 children aged 7-17 years, and who
had continuously lived in Sweden at least 2 years dur-
ing the study period were identified as the source pop-
ulation. Following exclusions, 29,648 children who
initiated PPIs and 687,323 who did not were eligible
for matching (Figure 1). The baseline characteristics
of the two groups before and after one-to-one match-
ing on propensity score and age are detailed in Table 1.
Before matching, children initiating PPIs were some-
what older (mean [SD] age, 11.9 [2.7] vs. 11.4 [2.6]),
were more often girls and had a higher prevalence of
healthcare utilization (e.g., 22 hospital admissions,
3.3% vs. 0.5%), comorbidities (e.g., infection, 12.4%
vs. 6.8%) and comedication use (e.g., systemic corti-
costeroids, 8.0% vs. 2.4%). After matching, the study
cohort included 29,320 children who initiated PPI
treatment and 29,320 matched children who did not,
with a mean (SD) age of 11.9 (2.7) and a mean (SD)
follow-up time of 1.6 (0.6) years for both groups. All
baseline characteristics between matched pairs were
well-balanced, with all standard differences were less
than 5%.

Main findings

The results of primary and secondary analyses are pre-
sented in Table 2. As the primary finding, there were
959 primary outcome events among PPI initiators (20.4
events per 1000 person-years) and 373 primary out-
come events among noninitiators (7.8 events per 1000
person-years). PPI initiation was associated with an in-
creased risk of the primary outcome (HR, 2.61, 95% CI,
2.32-2.94). In secondary analyses, the HR for diagnosis
of depression or anxiety was 2.46 (95% CI, 2.15-2.82),
whereas that for use of antidepressants was 3.15 (95%
CI, 2.45-4.03). In analysis of timing of primary outcome
onset after PPI initiation, HRs were 3.71 (95% CI, 2.17-
6.34) for 1-30 days, 3.47 (95% CI, 2.33-5.18) for 31-
90 days, 2.71 (95% CI, 2.04-3.60) for 91-180 days, 2.52
(95% CI, 2.00-3.16) for 181-365 days, and 2.34 (95% CI,
1.94-2.82) for 366-730 days after PPI initiation. In anal-
ysis of individual drugs, HRs were 2.66 (95% CI, 1.82-
3.89) for esomeprazole and 2.65 (95% CI, 2.33-3.02) for
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2,041,808 Children aged 7->18 years in Sweden
between July 1, 2007, and June 30, 2016

I
38,639
PPl initiators

|
2,003,169
Non-initiators

Selection up to 30 non-initiators with same age for each PPI
initiator and assignment of an identical index date to non-
initiators

v

38,639
PPl initiators
9,045 patients were excluded®
539 Depression
934 Anxiety
936 Use of antidepressants
5,183 Other psychiatric diseases <

3,943 Use of other psychiatric drugs
1,574 Use of other anti-acid drugs
21 Severe liver dysfunction
409 Malignant tumors
523 Brain injuries

Y

29,648
PPl initiators

v

783,260
Non-initiators

95,937 patients were excluded®
2,905 Depression
6,650 Anxiety
5,581 Use of antidepressants
69,807 Other psychiatric diseases

43,266 Use of other psychiatric drugs
1,674 Use of other anti-acid drugs
22 Severe liver dysfunction
729 Malignant tumors
5,651 Brain injuries
\
687,323

Non-initiators

Estimation of propensity score (PS); 1:1 matching on PS and
age groups with one-years bands

v

29,320
PPl initiators

v

29,320
Non-initiators

FIGURE 1 Flowchart for study cohort. PPI, proton pump inhibitor. “Some patients met multiple exclusion criteria

omeprazole. The risk of the primary outcome increased
with increasing cumulative duration of PPT use (Table 3).
Compared to noninitiators, the HRs were 2.02 (95% CI,
1.76-2.33), 2.85 (95% CI, 2.46-3.29), 3.89 (95% CI, 3.21-
4.72), and 3.81 (95% CI, 2.77-5.26) for cumulative dura-
tion of 1-30 days, 31-90 days, 91-180 days, and greater
than or equal to 181 days, respectively (p < 0.0001 for
linear trend). In the as-treated analysis, HRs were 4.48
(95%, 3.43-5.86) for ongoing PPI treatment, and 3.28
(95%, 2.55-4.21) for 1-90 days, 2.85 (95%, 2.18-3.72) for
91-180 days, 2.24 (95%, 1.79-2.80) for 181-365 days, and
1.88 (95%, 1.55-2.29) for 366-730 days since PPI discon-
tinuation (Table S2).

Subgroup analyses and sensitivity analyses

The results of subgroup analyses and sensitivity analyses
are shown in Figure 2 and Table S4. In subgroup analy-
ses, we observed that the association between PPI use
and risk of primary outcome significantly varied across
different age groups (p = 0.03 for interaction), with HRs
ranging from 1.29 (95% CI, 1.77-1.71) to 3.41 (95% CI,
2.58-5.50). In contrast, neither history of infection nor
earlier systemic antibiotic use were effect modifiers of
the risk of primary outcome. In addition, our primary
finding was consistent in all sensitivity analyses, in-
cluding alternative definitions of primary outcome with
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TABLE 1 Baseline characteristics of PPI initiators and noninitiators before and after matching

Before propensity score matching (%) After propensity score matching (%)

PPI initiators Noninitiators PPI initiators Noninitiators
(n = 29,648) (n = 687,323) SDiff, %  (n = 29,320) (n = 29,320) SDiff, %
Characteristics
Sex (male) 11,915 (40.2) 345,631 (50.3) 20.4 11,805 (40.3) 11,662 (39.8) 1.0
Age, mean + SD, years 11.9+2.7 114+ 2.6 21.1 11.9+2.7 11.9+2.7 0.3
Age group, years
7 2185 (7.4) 69,875 (10.2) 9.9 2164 (7.4) 2164 (7.4) 0
8 2740(9.2) 80,737 (11.7) 8.2 2713 (9.3) 2713 (9.3) 0
9 3349 (11.3) 89,981 (13.1) 5.5 3297 (11.2) 3297 (11.2) 0
10 3664 (12.4) 95,123 (13.8) 4.4 3646 (12.4) 3646 (12.4) 0
11 3666 (12.4) 87,742 (12.8) 1.2 3614 (12.3) 3614 (12.3) 0
12 3201 (10.8) 70,236 (10.2) 1.9 3165 (10.8) 3165 (10.8) 0
13 3166 (10.7) 63,051 (9.2) 5.0 3133(10.7) 3133(10.7) 0
14 2982 (10.1) 54,432 (7.9) 7.5 2943 (10.0) 2943 (10.0) 0
15 2355(7.9) 39,394 (5.7) 8.8 2327(7.9) 2327(7.9) 0
16 1686 (5.7) 26,405 (3.8) 8.7 1665 (5.7) 1665 (5.7) 0
17 654 (2.2) 10,347 (1.5) 5.2 653(2.2) 653(2.2) 0
Calendar year
2007 141 (0.5) 2860 (0.4) 0.9 135(0.5) 130 (0.4) 0.3
2008 560 (1.9) 9848 (1.4) 3.6 550 (1.9) 486 (1.7) 1.7
2009 911 (3.1) 16,315 (2.4) 4.3 886 (3) 849 (2.9) 0.7
2010 1522(5.1) 29,496 (4.3) 4.0 1495 (5.1) 1510 (5.2) 0.2
2011 2231(7.5) 46,842 (6.8) 2.8 2199 (7.5) 2082 (7.1) 1.5
2012 3296 (11.1) 69,969 (10.2) 3.0 3262 (11.1) 3265(11.1) <0.1
2013 4244 (14.3) 96,511 (14.0) 0.8 4184 (14.3) 4225 (14.4) 0.4
2014 5441 (18.4) 127,484 (18.5) 0.5 5394 (18.4) 5365 (18.3) 0.3
2015 6875 (23.2) 169,744 (24.7) 35 6815 (23.2) 6877 (23.5) 0.5
2016 4427 (14.9) 118,254 (17.2) 6.2 4400 (15.0) 4531 (15.5) 1.2
Season
Spring (Mar-May) 9158 (30.9) 215,302 (31.3) 0.9 9036 (30.8) 9019 (30.8) 0.1
Summer (Jun-Aug) 4734 (16.0) 112,375 (16.3) 1.0 4688 (16.0) 4587 (15.6) 0.9
Autumn (Sep-Nov) 7309 (24.7) 163,359 (23.8) 2.1 7234 (24.7) 7184 (24.5) 0.4
Winter (Dec-Feb) 8447 (28.5) 196,287 (28.6) 0.2 8362 (28.5) 8530 (29.1) 1.3
Birth country
Scandinavia 27,131 (91.5) 616,533 (89.7) 6.2 26,827 (91.5) 27,063 (92.3) 3.0
Rest of Europe 604 (2.0) 20,251 (2.9) 5.8 600 (2.0) 524 (1.8) 1.9
Outside Europe 1912 (6.4) 50,471 (7.3) 3.5 1892 (6.5) 1733 (5.9) 2.3
Missing value 1(<0.1) 68 (<0.1) 0.8 1(<0.1) 0(0) 0.8
Parental education, years®
<9 1426 (4.8) 31,846 (4.6) 0.8 1409 (4.8) 1340 (4.6) 1.1
10-12 11,851 (40.0) 246,273 (35.8) 8.5 11,696 (39.9) 11,818 (40.3) 0.9
>13 16,296 (55.0) 405,972 (59.1) 8.3 16,140 (55.0) 16,114 (55.0) 0.2
Missing value 75(0.3) 3232(0.5) 3.6 75(0.3) 48(0.2) 2.0

(Continues)
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TABLE 1 (Continued)

Parental income (SEK) by
quartile, SEK*

0-<257,374

257,374-<321,184

321,184-<408,943

408,943<

Missing value
Healthcare utilization

Number of hospital
admissions

0

1

>2

Number of outpatient
visits

0

1=2

3-4

=5

Number of emergency
department visits

0
=2
3-4
=5
Number of unique drugs
0
1-2
3-4
=5
Medical history
Cardiovascular disease
Infection
Epilepsy
Thyroid disease
Kidney disease
Autoimmune diseases
Obesity
Asthma
Allergy
Pain
Headache

Nausea and vomiting

Before propensity score matching (%)

After propensity score matching (%)

PPI initiators
(n = 29,648)

7619 (25.7)
8127 (27.4)
7314 (24.7)
6560 (22.1)
28 (0.1)

26,223 (88.4)
2450 (8.3)
975 (3.3)

13,849 (46.7)
9050 (30.5)
3323 (11.2)
3426 (11.6)

17,496 (59)
9739 (32.8)
1794 (6.1)
619 (2.1)

6943 (23.4)
10,836 (36.5)
6001 (20.2)
5868 (19.8)

168 (0.6)
3672 (12.4)
39(0.1)
146 (0.5)
161 (0.5)
1682 (5.7)
410 (1.4)
1724 (5.8)
2308 (7.8)
6608 (22.3)
1174 (4.0)
884 (3.0)

Noninitiators
(n = 687,323)

171,136 (24.9)
170,807 (24.9)
171,621 (25)
172,377 (25.1)
1382(0.2)

662,013 (96.3)
21,996 (3.2)
3314(0.5)

490,225 (71.3)
137,328 (20)
36,866 (5.4)
22,904 (3.3)

553,157 (80.5)
123,017 (17.9)
9382 (1.4)
1767 (0.3)

331,222 (48.2)
234,086 (34.1)
77,568 (11.3)
44,447 (6.5)

2248 (0.3)
46,419 (6.8)
629 (0.1)
1312 (0.2)
353(0.1)
7618 (1.1)
5418 (0.8)
21,608 (3.1)
26,697 (3.9)
20,932 (3)
8711 (1.3)
1383 (0.2)

SDiff, %

1.8
5.8
0.7
7.0
2.8

30.0
21.9
20.7

51.7
24.5
21.3
31.7

48.1
34.9
25.0
17.1

53.5

5%
24.8
40.3

3.6
19.2
1.2
5.2
9.0
25.4
5.7
12.9
16.7
60.4
16.9
22.4

PPI initiators
(n = 29,320)

7505 (25.6)
8044 (27.4)
7249 (24.7)
6494 (22.1)
28(0.1)

26,072 (88.9)
2367 (8.1)
881 (3.0)

13,833 (47.2)
8960 (30.6)
3257 (11.1)
3270 (11.2)

17,434 (59.5)
9595 (32.7)
1729 (5.9)
562 (1.9)

6938 (23.7)
10,793 (36.8)
5918 (20.2)
5671 (19.3)

165 (0.6)
3607 (12.3)
39(0.1)
141 (0.5)
153(0.5)
1562 (5.3)
401 (1.4)
1702 (5.8)
2255 (7.7)
6323 (21.6)
1136 (3.9)
759 (2.6)

Noninitiators

(n = 29,320)

7389 (25.2)
8109 (27.7)
7285 (24.8)
6517 (22.2)
20 (0.1)

26,187 (89.3)
2338 (8.0)
795 (2.7)

13,917 (47.5)
9166 (31.3)
3102 (10.6)
3135 (10.7)

16,846 (57.5)
10,275 (35)
1659 (5.7)
540 (1.8)

6702 (22.9)
11,290 (38.5)
5896 (20.1)
5432 (18.5)

174 (0.6)
3424 (11.7)
35(0.1)
137(0.5)
155 (0.5)
1384 (4.7)
383 (1.3)
1625 (5.5)
2040 (7.0)
6692 (22.8)
1083 (3.7)
680 (2.3)

SDiff, %

0.9
0.5
0.3
0.2
1.0

1.3
0.4
1.8

0.6
1.5
1.7
1.5

4.1
4.9
1.0
0.6

1.9
3.5
0.2
2.1

0.4
1.9
0.4
0.2
0.1
2.8
0.5
1.1
2.8
3.0
1.0
1.7
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TABLE 1 (Continued)

Before propensity score matching (%)

ASCPT

After propensity score matching (%)

PPI initiators Noninitiators

(n = 29,648) (n = 687,323)
Upper and lower 958 (3.2) 956 (0.1)

endoscopy
Comedications

Asthma inhalants 4138 (14.0) 53,867 (7.8)
Opioids 585 (2.0) 4042 (0.6)
Antiepileptics 67 (0.2) 632 (0.1)
Systemic steroids 2379 (8.0) 16,814 (2.4)
NSAIDs 2976 (10.0) 14,152 (2.1)
Oral contraceptives 1221 (4.1) 6744 (1.0)
Antimigraine drugs 174 (0.6) 1190 (0.2)
Penicillin antibiotics 9294 (31.3) 147,285 (21.4)
Non-penicillin antibiotics 3952 (13.3) 41,038 (6.0)
Systemic antihistamines 4426 (14.9) 65,633 (9.5)

PPI initiators Noninitiators

SDiff, %  (n = 29,320) (n = 29,320) SDiff, %
24.2 785 (2.7) 604 (2.1) 4.1
19.7 4090 (13.9) 4043 (13.8) 0.5
12.3 555 (1.9) 520 (1.8) 0.9

3.4 64 (0.2) 59 (0.2) 0.4
25.2 2254 (7.7) 1934 (6.6) 4.2
34.0 2877 (9.8) 2800 (9.5) 0.9
20.0 1189 (4.1) 1181 (4) 0.1

6.7 168 (0.6) 138 (0.5) 1.4
22.7 9166 (31.3) 9020 (30.8) 1.1
25.1 3847 (13.1) 3786 (12.9) 0.6
16.5 4368 (14.9) 4145 (14.1) 2.2

Abbreviations: NSAID, non-steroidal anti-inflammatory drugs; PPI, proton pump inhibitor; SDiff, standardized difference; SEK, Swedish krona.

Covariate based on the parent with the highest achieved education and income, respectively.

narrower criteria and with adoption of HdPS matching
(HR, 2.31, 95% CI, 2.05-2.61). Finally, we observed a
null relationship between PPI use and risk of the nega-
tive control outcome (HR, 1.11, 95% CI, 0.82-1.50).

Discussion

In this nationwide cohort study, initiation of PPI use com-
pared to nonuse was associated with a 2.6-fold increased
risk of depression and anxiety in children. PPI initiation
was associated with both immediate and delayed risks of
depression and anxiety. The magnitude of the associa-
tion was stronger in the younger age groups, significantly
increasing with longer duration of PPI use, but similar
among individual PPIs. In addition, the risk was gradu-
ally attenuated but remained significant even 1 year after
PPI discontinuation. A series of sensitivity analyses, in-
cluding HdPS matching and an analysis of negative con-
trol outcome, all supported our main findings.

To our knowledge, only two analytical studies in adults®*
have so far explored this safety issue. The first study iden-
tified 2366 cases with depression and observed that risk of
depression was associated with PPI treatment prescribed
at cumulative daily doses of 121-365 (odds ratio [OR] 1.61,
95% CI, 1.41-1.84) and greater than 365 (OR 2.08, 95% CI,
1.61-2.68), as compared to less than or equal to 30 doses.>
Similarly, the other study, a cross-sectional analysis that
included 344 elderly patients, reported an association be-
tween ongoing PPI use and depression (OR 2.38, 95% CI,
1.02-5.58).> Our findings included a treatment duration

trend that is in line with the first study” and also adds com-
prehensive information on the association between PPI
use and risk of depression and anxiety across the entire
age range of children and adolescents.

There are some potential biologic mechanisms that
might explain our findings. First, the human microbiome
has been linked with brain function through immunologic,
neuronal, and metabolic pathways.”° PPI interference with
the microbiome may hence contribute to the pathogenesis
of depression and anxiety. Our study found a persistent as-
sociation even 1 year after PPI discontinuation; this would
be consistent with the long-lasting impact of the microbi-
ome on the central nervous system immune activity that
affects development of brain function and mental health
in the later life.” Furthermore, hypergastrinemia caused by
PPI may strengthen cytokine expression in the brain to in-
duce depressive and anxiety-like conditions."” Similarly, in
a recent experimental rat model, anxiety-like behavior and a
decline in neurotransmission of serotonin and dopamine in
the brain was detected shortly after short-term PPI adminis-
tration (15 days).18 Further studies are needed to understand
potential mechanisms linking PPI to depression and anxiety.

Our study has several strengths. With up to 2 years of
follow-up, we included a nationwide population compris-
ing 29,320 children who initiated PPI treatment and the
same number of children with no PPI treatment who were
matched on age and a propensity score including a large
number of potential confounders. This enabled sufficient
statistical power for examining the primary outcome and
an extensive evaluation of different age groups, timing,
duration, and individual PPIs.



WANG ET AL.

1120 | @
ASCPT

*a10ze1dawo 10] T90°SZ PuE 9]0zeIdaWOS3 §ZEE 10 1M 11070dqns [Iea Jo sired paydjew Jo SI9quIinu Ay L,
‘(ej0zeadaqe1 10y ( pue ‘ojozexdojued 10j 60¢ ‘O[ozeidosue] 10 G98 = u) 9zIs o[dwes [[ewWS ) 0} NP pazAeue Jou d1am d[ozeidaqer pue ‘Ojozerdojued ‘ojozerdosueT,
‘s1eak-uosiad 0001 1od syuang,

-=1001qrqur dund uojoad ‘[4d ‘onel pIezey YH {[EAIIUL QUIPIFUOD ‘I :SUONRIAIQQY

(20°€-€€£77) S9°C
(68°€-78'1)99°C

(T8T¥6'T) T
(91°€-0077) TS'T
(09°¢-+07T) ILT
(8T'S—€£77) L¥'E
(PE9-LTT) TL'E

(E0v-SYT)ST'E
(TTe-617T) 19T
(6LT-T8T)STC
(T8T-STT) 9T

(¥6'T-7€7) 19T
(ID %S6) ¥H

(P9¥T-SE'TT) 00°ET 6L 343 6°0C €8 ofozexdowg
(88°9T-1L°L) 6T°C1 v'L LE L'6T L6 o[0ze1dowoss
+qSSNIP [ENPIAIPU]
(PL'TI-¥T'8) 6¥°0T 8L LST €81 09€ skep 0£.-99¢
(PSYI-16'8) TL'TT LL €01 ¥'61 44 skep 59¢-181
(S6'61-EIT) S9'ST T6 <9 89T vLI skep 081-16
(98°02-61'TT) €091 S9 1€ STe LOT skep 06-T¢
(LY'9T-L8'TT) LT'6T T'L LT 9T €9 skep 0¢-T

(uomenIUI JUSWIIEAI) I3)Je
sAep) josuo A)orxue pue uorssaidap Jo Surwry,

(S¥'v-€6'C) 69°€ LT 8 ¥'S ST sjuessardopnue jo asn
(0£9-99%) 89°S [ 891 6 437 Kia1xue jo sisougerq
(90 v-T¥0) vT'e 9C 41 8'S €LT uoissaxdap jo sisouseiq
(€T°01-19'L) 26’8 9 16T 0'ST SOL Karxue 10 uoissaxdap jo sIsougerq
Kyarxue 10 uorssaidap Jo uontueq
SosATeue A1epu093S
(ET¥1-60'TT) 19°CT 8L €LE 0T 656 sisAreue Arewrig
aAHU &.mmv JUdPIOUI L2381 dUIPIOU] SJUBAD JO 'ON 22381 ADUIPIOU] SJUDAI
UI SOUSIIP YSLI 9IN[0SqQY Jo 'oN
SI0)RIITUTUON sxoyenIul I dd

\ﬁoﬂmﬂﬂ pue Qo_mmmhmmﬁ JI0J YSII pue asn [dd Usam]aq suonerdosse Jo sjjnsal ule]y ¢ AT1TdV.L



PPI AND RISK OF PEDIATRIC DEPRESSION AND ANXIETY

TABLE 3 Associations between PPI use and risk for depression and anxiety, stratified by cumulative duration of PPI use

Person-years (% of No. of Incidence Absolute risk difference in
total person-year) events rate® incidence® (95% CI) HR (95% CI)
Noninitiators 47,697 (100) 373 7.8 Reference Reference
<30 days 24,935 (53) 404 16.2 8.38 (6.61-10.15) 2.02 (1.76-2.33)
31-90 days 16,013 (34) 366 22.9 15.04 (12.56-17.51) 2.85(2.46-3.29)
91-180 days 4639 (10) 147 31.7 23.87 (18.68-29.05) 3.89 (3.21-4.72)
>181 days 1356 (3) 42 31.0 23.15(13.75-32.55) 3.81(2.77-5.26)
p for trend <0.0001
Abbreviations: CI, confidence interval; PPI, proton pump inhibitor.
*Events per 1000 person-years.
PPIPPI
decreases! increases
risk :risk
PPl initiators Non-initiators
No.of No.of Incidence No.of No.of Incidence Hazard ratio : P for
patients events rate? patients events rate? (95%Cl) ' interaction
Primary result 29,320 959 20.4 29,320 373 7.8 2.61(2.32-2.94) =
Subgroup analysis :
Age group :
7-<9y 4,877 40 4.7 4,877 12 1.4 3.37 (1.77-6.42) P
9-<11y 6,943 99 8.2 6,943 36 3.0 2.78 (1.90-4.07) : P
11-<13y 6,779 218 19.1 6,779 65 5.6 3.41 (2.58-4.50) = .03
13-<15y 6,076 331 35.0 6,076 135 13.9 2.52 (2.06-3.08) : ——
15-<18y 4,645 271 48.8 4,645 125 223 2.19 (1.77-2.71) =
Infection '
No 25,713 831 20.2 25,896 333 7.9 2.54 (2.24-2.89) : = .26
Yes 3,607 128 22.2 3,424 40 7.0 3.17 (2.22-4.52) e
Systemic antibiotic use :
No 26,135 837 20.0 26,374 328 7.6 2.62 (2.31-2.98) = .83
Yes 3,185 122 239 2,946 45 9.5 2.51(1.79-3.54) : P
Sensitivity analysis
Alternative definition of the primary outcome 1 b 29,320 746 15.8 29,320 280 5.9 2.70 (2.35-3.10) : =
Alternative definition of the primary outcome 2" 29,320 847 18.0 29,320 335 7.0 2.57 (2.26-2.91) : =
Alternative definition of the primary outcome 3¢ 29,320 611 13.0 29,320 254 5.3 2.44 (2.11-2.82) : =
Adoption of high-dimensional propensity score matching 26,556 864 20.4 26,556 380 8.8 2.31(2.05-2.61) : =
Analysis of negative control outcome 29,311 89 1.9 29,311 82 1.7 1.11 (0.82-1.50) b—-—i
Assessment of primary analysis with 6-month age bands 29,296 959 20.4 29,296 413 8.6 2.37 (2.11-2.66) : =
Restriction to patients without PPl combined therapy at index date 28,076 936 20.9 29,320 373 7.8 2.66 (2.36-3.00) =
Restriction to patients without any hospitalization within 30 days 27,998 918 20.5 29,160 370 7.8 2.62 (2.33-2.96) =
before index date
—t T T
8.91 2 3 4 5867

FIGURE 2 Subgroup and sensitivity analyses of association between proton pump inhibitor (PPI) use and risks for depression and

anxiety. “Events per 1000 person-years. Defined as a primary diagnosis of depression or anxiety from a hospital admission, an emergency

department (ED) visit, or greater than or equal to two outpatient visits within 3 months, or any use of antidepressants. “Defined as a

primary diagnosis of depression or anxiety from a hospital admission, an ED visit, or an outpatients visit, or consecutive refill of at least two

prescriptions of antidepressants. “Defined as a primary diagnosis of depression or anxiety made in specialist psychiatric care

Our study has some limitations. First, some outcome
misclassification possibly existed because we were not
able to capture mild depression or anxiety cases with non-
pharmacological support from primary care settings. This
is unlikely to have been differential between the groups.
Further, antidepressant use may be less specific for iden-
tifying depression and anxiety, as antidepressants may be
prescribed for other diseases than depression and anxiety.
However, the result for the antidepressant component was
similar to that using diagnosed-based outcome definitions
only, albeit the magnitude of the association was some-
what larger. Second, we could not exclude the possibility
of exposure misclassification because we lack information

on medication adherence, use of over-the-counter medi-
cations, and medication use during hospitalization; how-
ever, assuming that misclassification was nondifferential,
all these scenarios would bias results toward the null.
Third, despite the inclusion of a broad range of covari-
ates, an active comparator design was infeasible in our
study, confounding by indication remains a possibility and
overestimation of risks with PPI use cannot be ruled out.
Furthermore, protopathic bias might explain the immedi-
ate risk increase of depression and anxiety observed within
30 days of PPIinitiation. Gastrointestinal symptoms are oc-
casionally prominent in depression and anxiety; early such
manifestations in patients with undiagnosed depression or
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anxiety could have led to PPI treatment, appearing in the
analysis as an association between PPIs and subsequently
depression and anxiety. However, the observed associa-
tion remained significant after 1 year since PPI initiation
in the analysis according to time since PPI initiation and
in the sensitivity analysis with a 1-year lag, at which time
point protopathic bias is less likely to influence. On the
other hand, if any potential effects of PPIs on depression
and anxiety wane over time, residual or unmeasured con-
founding might explain the significant 2.3-fold increased
risk after 1 year since PPI initiation. Still, our null findings
in the analysis of a negative control outcome, which con-
stituted other psychiatric conditions, such as mental retar-
dation and developmental disorders, may be interpreted
as pointing against underlying residual or unmeasured
confounding driving an association between PPI initiation
and psychiatric disease. In addition, we could not control
for some unmeasured risk factors of depression and anxi-
ety, including parental, genetic, lifestyle (e.g., smoking and
obesity), psychosocial (e.g., war trauma), and other factors
that may alter the microbiome (e.g., diet). Finally, whereas
we implemented advanced propensity-score matching
techniques to address unmeasured confounding, as in any
observational study, residual or unmeasured confounding
cannot be ruled out. Still, confirmation of our findings is
an important avenue for future research.

This study indicates that PPI use may be associated
with increased risk of depression and anxiety in children,
adding new data to the limited evidence on pediatric
safety of PPIs. However, further investigation is warranted
to confirm or refute this potential association.
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